Abstract: In this paper, we propose an optical forward-error-correction (FEC) coding scheme with convolutional code using four-wave mixing (FWM) in a highly nonlinear fiber (HNLF) to realize an adaptive coding scheme corresponding to the signal-to-noise ratio (SNR) between nodes in photonic networks. The performance of the proposed scheme was numerically investigated for 2 11 À 1 pseudorandom bit sequence (PRBS) differential phase-shift keying (DPSK) modulated return-to-zero (RZ) format signals at 10 Gb/s. The optimized condition of optical XOR operations, which are the main components of the target coding scheme, is obtained for fiber length, signal wavelengths, and signal powers. Based on the optimized condition, the power penalties of the FEC coding scheme achieved are approximately 0.5 and −0.8 dB at BER ¼ 10 À9 in the cases of two-and three-input optical XOR operations, respectively, indicating that the proposed scheme obtains a net coding gain. The high-quality coded signals, which keep 5-dB degradation of the Q-factor from its maximum value of 40, are achieved with the 6.1-and 6.2-dB input power tolerances for coded signals 1 and 2, respectively.
Introduction
With the rapid increase of Internet traffic, owing to the startling advancement in mobile-network and video-distribution services, the demand for adaptive spectrum-allocation technologies has been growing to efficiently utilize the spectrum resources in elastic optical networks [1] . The technologies of adaptive spectrum-allocation induce a time-dependent crosstalk, because their bandwidth is dynamically changed. Therefore, a dynamic noise-tolerable schemes such as adaptive modulation, which can flexibly control the received sensitivity, are of considerable interest [2] , [3] . However, adaptive modulation leads to low-bit-rate transmission with a high received sensitivity because of its lower-order multilevel format. To solve such problems, we propose an all-optical forward error correction (FEC) coding scheme for the noise compensation of the transmission signals without a low bit rate.
A conceptual image of the proposed scheme is shown in Fig. 1 . In the proposed scheme, the optical FEC coding will be implemented in the middle of the optical networks, and the coded signal is assumed to be corrected electrically at the terminal end. The proposed scheme can achieve high-speed operation with low-power consumption as it does not require optical-toelectrical-to-optical conversion or demodulating-decoding-coding-modulating processing in contrast to the electrical FEC coding scheme.
Two types of all-optical FEC, syndrome decoding of convolutional code and cyclic code have been reported because they can be applied to optical signal processing without buffer components [4] , [5] . However, these techniques are not well suited for advanced photonic networks, because of their relatively low coding gain. On the other hand, convolutional code with maximum-likelihood sequence estimation (MLSE), which can yield a high net coding gain (NCG), is of considerable interest.
In this paper, we propose an all-optical FEC coding scheme using convolutional code with MLSE for realizing dynamic noise compensation. Analytical results for the performance and effectiveness of the all-optical processing of the proposed scheme will be presented.
Operating Principles

Optical XOR Operation
A diagram of the electrical FEC coding circuit used to implement the convolutional code with MLSE is shown in Fig. 2 . The circuit mainly comprises two electrical exclusive-OR (XOR) gates, and the inserted signals are encoded by a (5, 7) 8 convolutional coding scheme whose generating polynomial is equal to
The octal numbers 5 and 7 in (5, 7) 8 is related to the numbers of shift register connections in upper and lower output ports in Fig. 2 , which read in binary (101, 111) 2 correspond to the generating polynomial of
. . . ; x n are assumed, the coded signal 1 of x t È x t À2 ð¼ 1 þ D 2 Þ and the coded signal 2 of
Þ can be achieved by the generating polynomial at time t , respectively. The regular patterns are created by generating polynomial, and it can be decoded in the terminal end to check their regularities. The target coding scheme can theoretically yield a high NCG of 4 dB. To consider the photonic configuration, the all-optical XOR gate is the most basic component in the optical FEC coding scheme.
Considerable research on all-optical XOR gates has been conducted. Specifically, the technologies of optical XOR operation have been mainly reported in on-off keying (OOK) and phase-shift 
keying (PSK) format. The optical XOR operation with the OOK format were demonstrated by using highly nonlinear fiber (HNLF) [6] , [7] , nonlinear loop mirror [8] and ultrafast nonlinear interferometer [9] , and others are with single SOA [10] , [11] and SOA-MZI [12] , [13] , respectively. In recent years, optical XOR technologies have focused mainly on PSK formats owing to the superior sensitivity of these formats for high-speed long-haul transmissions. Optical XOR gates for differential PSK (DPSK) are previously implemented using cascaded sum-and difference frequency generation in a periodically-poled Lithium Niobate platform [14] . However, this platform suffer from the requirement for precise phase control. Consequently, alternative working principles as four-wave mixing (FWM) are of significance in next optical logic gate. Several platforms that use FWM have been proposed, such as HNLFs [15] , silicon nanowires [16] , silicon waveguide [17] , photonic waveguide [18] , chalcogenide planar waveguide [19] , and semiconductor optical amplifiers [20] - [22] . In the proposed scheme, we focus on the HNLF because it is the most basic platform owing to its scalability of conversion efficiency for FWM. Fig. 3(a) shows the operating principles of a FWM-based two-input optical XOR gate. Here, phase-encoded data signals at wavelengths of A and B are input into a HNLF with a continuouswave (CW) probe at C . An idler at a wavelength of idler with an optical frequency of f idler ¼ f A þ f CðprobeÞ À f B is generated by FWM in the HNLF, and the phase of the idler is satisfied by the relation of idler ¼ A þ CðprobeÞ À B . If the wavelengths are symmetrically placed to zerodispersion wavelength in the HNLF, the conversion efficiency of the idler will be maximized, whose condition is called phase-matching condition. With the input signals having a phase of either 0 or owing to the DPSK format, the generated phase is 0, , À, or 2. The phases À and 2 are equal to and 0, respectively. Then, idler ¼ A þ CðprobeÞ À B is simplified as idler ¼ A È B by canceling the affect of CðprobeÞ during demodulating processing because of its continuous phase change. If we change the CW probe into a modulated signal at C , the phase of the idler is similarly expressed as idler
Optical FEC Coding Circuit
The proposed optical FEC coding circuit is shown in Fig. 4 . In this investigation, DPSKmodulated signal is selected to confirm the feasibility of the proposed scheme. The proposed circuit mainly comprises optical XOR gates and wavelength converters (WC), and they are based on a HNLF. When a DPSK-modulated signal at the wavelength A is injected into this circuit, it is divided equally into three signals. Two of these undergo wavelength conversions to B and C , respectively, by use of the degenerate FWM in the HNLF of each WC. Subsequently, they experience 1-and 2-bit time delays, respectively, by propagating in single-mode fibers with comparable lengths corresponding to the delay times. In the upper XOR gate, the input signal ð A Þ, 2-bit delayed signal ð B Þ, and CW probe ð C Þ are injected into the HNLF, and the idler at idler ¼ A È B is obtained. Similarly, in the lower XOR gate, three input signals at A , B , and C are injected into the HNLF, and the idler at idler ¼ A È B È C is obtained. Therefore, these output signals of the proposed circuit correspond to the results of the (5, 7) 8 coding scheme. Because we obtain two coded signals from one input signal, these coded signals must be optically multiplexed. In the proposed scheme, we generate a differential quadrature PSK (DQPSK) modulated signal from two DPSK signals in order to avoid increasing the baud rate. The DQPSK-coded signal is generated by combining the DPSK signal from the two-input XOR with the phase-rotated DPSK signal by using a =2 phase shifter from the three-input XOR. The multiplexing scheme induces a coding loss at demodulation process from DQPSK-to DPSKformat, however, it is possible to smooth the effect of the coding loss as time-or wavelengthdivision multiplexing is applied.
Analytical Result of Optical XOR Operation
Optical XOR Operation
In order to evaluate the performance of the optical XOR operation with FWM in a HNLF for DPSK-modulated signals, we simulated optical XOR gates using OptSim (RSoft Design Group, Inc.).
The parameters of the HNLF used in our work are summarized in Table 1 . Input signals A, B, and C consisting of a 2 11 À 1 pseudorandom bit sequence (PRBS) at a bit rate of 10 Gbps in DPSK-modulated return-to-zero (RZ) format were generated, and these signals were injected into the HNLF. The wavelengths of signals A, B, and C, or the CW probe were set at 1548, 1557, and 1552 nm, respectively. The average powers of signals A, B, and the CW probe were set to be 12.5, 12.5, and 15 dBm, respectively, in the case of the two-input XOR operation, and those of signals A, B, and C were respectively set at 12.5 dBm in the three-input case.
The waveforms for input signals A, B, and C, and the idler in the case of two-input and threeinput XOR operations, are shown in Fig. 5(a)-(g) , respectively. The idler was demodulated using a balanced photo detector following a one-bit delay interferometer. The lower and upper peaks of the output shown in Fig. 5 show the bit patterns 0 and 1, respectively, which correspond to phase differences of 0 and , respectively. As can be seen in the figures, for both the two-input 
Optimized Condition
In order to determine the optimized condition for generating the high-power idler, we investigated the performance of the optical XOR gate at various conditions. We quantitatively evaluated the XOR signal quality in terms of the Q-factor, which is defined as
where i and i (i ¼ 0 or 1) are the average power and standard deviation of the idler signal, respectively, and the subscripts correspond to the "lower level" and "upper level" of the output waveform, respectively.
Fiber Length and Wavelength Dependence
Fig . 6 shows the calculation results of the fiber length dependence for the two-input and three-input optical XOR gates. In this simulation, the fiber length was changed from 100 to 1000 m, and the wavelength and average power were fixed at the same value as that used in the above simulation. For both cases, the Q-factor monotonically increases as the fiber length increases to 400 m, and the maximum value of the Q-factor is maintained up to 800 m, beyond which it decreases gradually. This indicates that in both cases, high-quality XOR outputs are stably achieved for a fiber length range from 400 to 800 m. Based on these results, we fixed the fiber length at 600 m in the following section. Next, the wavelength dependence of the optical XOR gate was examined. In this simulation, the wavelength of signal A was changed from 1535 to 1620 nm. The wavelength difference between signal B and signal C or the CW probe was fixed at 5 nm, and they are selected to satisfy phase-matching condition (see Fig. 3 ). Therefore, the idler is generated for a wavelength range from 1530 to 1625 nm, which corresponds to both the C-and L-bands, except in the range from 1545 to 1555 nm. The average powers of the signals were fixed at the same value as the simulation in Fig. 6 . Fig. 7 shows the calculation results of Q-factor for two-and three-input cases for various idler wavelengths. In this figure, the Q-factor exceeds 35 for all of the evaluated wavelengths, except in the specific conditions, such as when the idler wavelength is equal to 1542.5 and 1557.5 nm. In these condition, the Q-factors are seriously degraded because every input signals interfere each other due to an equal wavelength spacing. From these results, high-quality XOR outputs are stably achieved for a wide range of wavelengths to avoid the specific situations. In the simulations described below, we fixed the wavelength of signals A, B, and C, or the CW probe at 1548, 1557, and 1552 nm, respectively.
Power Dependence
Finally, we investigated the operating performance of the optical XOR gate under various optical power conditions for signals A and B in the two-input case. In this simulation, the average power of signals A and B was changed from −10 to 25 dBm, and the CW probe power was fixed at 15 dBm. Fig. 8 indicates the contour map of the Q-factor. In this figure, the contour lines are distributed elliptically on a central line orthogonal to the line at which the powers of both signals are identical (an angle of −45°from the horizontal axis). This indicates that a high-quality output is achieved under the condition of equal signal powers. Fig. 8(b) -(e) shows the eye-patterns of the output signals for an average input power of −2.5, 2.5, 12.5, and 17.5 dBm, respectively. The Q-factor increases as the intensities of signals A and B increases to 12.5 dBm, and then decreases rapidly for the power range along the dotted line (see Fig. 8 ). The quality of the XOR signal improves because of the increment in the nonlinear efficiency under the conditions shown in Fig. 8(b)-(d) . On the other hand, the quality then decreases with increasing signal power owing to the effect of self-phase modulation (SPM), as shown in Fig. 8(e) . This shows that the input signal power must be set at the optimized value in order to achieve high-quality converted signals. Specifically, when the power of signal A and B is approximately 12.5 dBm, the Q-value has its maximum value of 40.
In addition, we investigated the operating performance of the three-input optical XOR gate under various optical power conditions for signals A, B, and C. In this simulation, the average power of signals A, B, and C varied from −5 to 25 dBm, and the power of signal A was set to equal signal power B based on the above results. In our simulations, calculation results indicate that a high-quality idler was achieved under the condition of equals to signal power. Specifically, Fig. 7 . Q-factor of the optical XOR signal as a function of idler wavelength in the case of two-and three-input operations. when the power of signals A, B, and C equal to be 12.5 dBm, the Q-factor has its maximum value of 40. Therefore, to achieve the high-quality optical XOR operation, we can obtain simple results where all inputs injected into the HNLF should have the identical power.
Analytical Result of Optical FEC Coding Operating
Optical Coding Processing
Then, we evaluated the performance of FEC coding scheme according to the above simulation for optical XOR gate. First, we confirmed the operation of the optical FEC coding scheme (see Fig. 4 ). In our simulation, input signals at a wavelength of 1548 nm, i.e., 2 11 À 1 pseudorandom binary sequences (PRBSs) at 10 Gbps in the DPSK-modulated return-to-zero (RZ) format, were injected into the HNLF. The all HNLFs corresponding to the WCs and the XOR gates are set at 600 m according to above investigation. The wavelength of the 2-bit-delayed signal, and the CW probe for the two-input XOR, or 1-bit-delayed signal for the three-input XOR were set at 1557 and 1552 nm, respectively. Similarly, these powers were set to be 15, 15, and 15 dBm, respectively.
The waveforms for the input signal, 1-bit-delayed signal, 2-bit-delayed signal, and idler for the two-and three-input XOR operations, are indicated in Fig. 9(a)-(g) , respectively. The idler was demodulated using a 1-bit-delay interferometer, followed by a balanced photodetector. The lower and upper peaks of the output in Fig. 9 correspond to phase differences of 0 and , respectively, between the adjacent bits. As observed in the figures, for both the two-and threeinput operations, we obtained the idler precisely corresponding to the XOR pattern between any input signals.
Bit-Error-Rate Calculation
Next, the NGC of the FEC coding scheme was investigated. In Fig. 10 , the bit-error-rate (BER) is plotted as a function of the signal-to-noise ratio (SNR). The BER was obtained using an optical attenuator, followed by a 1-bit-delay interferometer. It is defined as
where Q is a Q-value corresponding to the SNR, and erfcðÞ is the complementary error function. The closed circles, triangles, and squares in Fig. 10 correspond to the BER results for the input signal, coded signal 1 (two-input XOR) and coded signal 2 (three-input XOR), respectively. The received sensitivities for the input signal, coded signal 1, and coded signal 2 were approximately −17.7, −17.2, and −18.5 dBm, respectively, at a BER ¼ 10 À9 . These results indicate that the power penalties of the FEC coding circuit were approximately 0.5 and −0.8 dB for coded signals 1 and 2, respectively. The calculation results indicate that the proposed scheme offers an approximately 4 dB NCG because of the negligible small power penalties.
Tolerance Evaluation
Finally, we investigated the performance of FEC coding scheme, when signal powers injected into the XOR gates are not equal to each other. The calculation results of the Q-factor in various input signal power is shown in Fig. 11 . The power values of 1-bit-delayed signal and 2-bitdelayed signal were set at 5, 0, and −5 dB different from the input power by setting optical amplifiers and attenuators shown in Fig. 4 .
The closed and open plots correspond to the Q-factor for coded signal 1 and coded signal 2, and circles, triangles, and squares correspond to the condition that dP was set at 5, 0, and −5 dB, respectively. In all evaluated condition, the Q-factors increase with increasing the input power and show its maximum value of 40, beyond which they decrease. Therefore, even if the signal power differ by 5 dB from the power of input signal, the high-quality FEC coding operation can be achieved. Fig. 12 shows the results of input power tolerance, which we define as the power range that keeps 5 dB-degradation of the Q-factor from its maximum value of 40. In the condition that dP is equal to 0, the maximum power tolerance for the coded signal 1 and coded signal 2 are approximately 6.1 and 6.2 dB, respectively.
In addition, we evaluate input power tolerance in the condition that signal wavelength differs from their phase-matching condition. In this calculation, we define the misalignment d as the wavelength variance of C from its phase-matching condition. The wavelength difference between B and C was fixed at 5 nm. Fig. 13 indicates that the calculation results of Q-factor for the coded signal 1 as a function of input power when d was set at 3, 4, and 5 nm, respectively. In Fig. 13 , the maximum values of the Q-factor in each condition constantly decrease with increasing d , and the maximized powers of Q-factor are shifted for high intensity domain. It is related to a decrease in conversion efficiency of FWM due to the misalignment of phase-matching condition. The results of input power tolerance in various d is shown in Fig. 14 . The maximum input power tolerance is obtained in the condition that d is equal to 0 for both coded signal 1 and signal 2, respectively. Consequently, to achieve the high quality and tolerability FEC coding operation, all inputs injected into the HNLF should have identical power and phase-matched wavelength.
In this paper, we selected DPSK-format signal to research target for the feasibility investigation, however, the DPSK-format is of limited utilization for metro or long-haul transmission. On the other hand, all-optical XOR gates for QPSK-format which is based on the FWM in non-linear devices have been experimentally demonstrated in previous reports [23] , [24] . Therefore, the proposed scheme can be extended to multilevel signaling at least QPSK-format. 
Conclusion
In this paper, we propose an optical FEC coding circuit with (5, 7) 8 convolutional code using FWM in a HNLF. First, we investigated optimized optical XOR operations, which are main components for the target coding scheme, for signals with a 2 11 À 1 PRBS DPSK-modulated RZ format at a bit rate of 10 Gbps. We numerically evaluated the performance of optical XOR operations for the various conditions of fiber lengths, signal wavelengths, and signal powers, respectively. The high-quality optical XOR operations are stably obtained for fiber lengths range from 400 to 800 m and at wavelengths range from 1530 to 1625 nm, and are achieved under conditions where all signal powers are equal in a HNLF for both the two-input and three-input cases, respectively.
Based on the optimized condition of XOR operations, the performance of the proposed scheme was analyzed for 2 11 À 1 PRBS DPSK-modulated RZ-format signals at 10 Gbps. The results for the proposed circuit agree well with the XOR pattern between any input signals for both two-and three-input coding operations. The received power for the input signal, coded signal 1, and coded signal 2 was approximately −17.7, −17.2 and −18.5 dBm, respectively, at BER ¼ 10 À9 . These results indicate that the power penalties of the optical-coding circuit were approximately 0.5 and −0.8 dB for coded signals 1 and 2, respectively, showing that the proposed scheme offers a net coding gain of approximately 4 dB by decoding electrically at the terminal end. The maximized input power tolerances of 6.1 and 6.2 dB for coded signal 1 and coded signal 2, which we define as the power range that keeps 5 dB-degradation of the Q-factor from its maximum value of 40, are obtained in the various dP and d condition, indicating that proposed scheme offers the high quality and tolerability FEC coding operation. 
